Nuclei were isolated from simian virus 40 (SV40)-infected cells with a hypotonic, detergent-free buffer and incubated in vitro in a high-ionic-strength buffer containing [a-32P]UTP. The labeled viral RNAs produced were analyzed by gel electrophoresis together with 3-h-labeled viral RNAs extracted from SV40-infected cells. The in vitro-synthesized RNA contained a major RNA species of 62 to 64 nucleotides that appeared on the gel at the same position as in vivo-synthesized SV40-associated small RNA (SAS-RNA). Analyses of the in vitro-synthesized 62-to 64-nucleotide RNA by hybridization to restriction fragments and by the use of an SAS-RNA deletion mutant clearly identified it as SAS-RNA. The intensity of the band of the in vitrosynthesized SAS-RNA increased with an increase in the labeling time or when a short pulse was followed by a chase. Moreover, the SAS-RNA band disappeared when ITP replaced GTP in the transcription reaction mixture. These results indicate that SAS-RNA is processed from a precursor molecule and that an RNA secondary structure could be an element recognized by the processing enzyme.
After simian virus 40 (SV40) infection, RNA polymerase II transcribes both SV40 mRNAs and 62-to 64-nucleotide (nt) RNA, known as SV40-associated small RNA (SAS-RNA) (6) (7) (8) . It was suggested that SAS-RNA is specifically processed from the noncoding sequence in long RNA transcripts which are initiated at normal late promoters (6) . The SAS-RNA-coding region is located about 170 nt's downstream from the polyadenylation site (0.17 map unit) of the late mRNAs (see Fig. 1A for its map location). Thus, the processing reactions which the SV40 primary late RNA transcripts undergo yield two RNA species: (i) mature poly(A)+ mRNAs and (ii) SAS-RNA. SAS-RNA has unique uncapped 5' and poly(A)-3' ends (6), so its processing reaction must therefore be highly specific.
To directly address the questions of whether SAS-RNA is a processing product and, if so, how the processing enzymes recognize the SV40 primary late RNA substrates and accomplish such precise maturation, an in vitro processing system must be developed.
For this purpose, we prepared an isolated-nucleus system from SV40-infected cells. In vitro incubation of the nuclei in a low-ionic-strength buffer leads to the premature termination of SV40 late transcripts and to the synthesis of a 94-to 98-nt attenuator RNA (see Fig. 1A for its map location) (1, 4, 5, 13-15, 20, 22, 23) ; incubation in a high-ionic-strength buffer leads to the synthesis of long viral RNA transcripts (5, (13) (14) (15) 20) .
In the present communication, we show that when the nuclei are incubated in a high-ionic-strength buffer for a long time or when they are pulse-labeled with [a-32P]UTP and the label is then chased with a high concentration of UTP, efficient and accurate processing of SAS-RNA can occur.
BSC-1 cells were infected with SV40 (30 to 50 PFU per cell) as previously described (18) . At hypotonic buffer (17) and pipetting them up and down 10 times with a Pasteur pipette, followed by centrifugation for 2 min at 1,000 x g. This step was repeated twice. The nuclei (approximately 3 x 107) were suspended in a transcription reaction mixture containing 5 mM KCl, 1.5 mM MnCl2, 1 mM dithiothreitol, 12.5% glycerol, 100 mM (NH4)2SO4, 30 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-NaOH (pH 7.9), a 400 ,uM concentration each of ATP, GTP, and CTP, S to 20 ,uM UTP (as indicated in the figure legends), and 300 to 500 ,uCi of [a-32P]UTP (400 mCi/mmol; Radiochemical Centre, Amersham, England) in a final volume of 0.6 ml. Transcription was carried out at 30°C for various times, as indicated in the figure legends, and stopped by the addition of 100 ,ug of RNase-free DNase (Worthington Diagnostics, Freehold, N.J.) per ml for 1 min at 30°C, followed by extraction with phenol-chloroform (19 (19) , and viral RNA was purified by the hybridization-elution procedure described above for nuclear RNA.
For analysis of the RNA by gel electrophoresis, the RNA was denatured in 5 ,ul of 90% formamide-10 mM HEPES-NaOH (pH 7.5) for 1 min at 90°C and subjected to electrophoresis on an acrylamide gel (bis/acrylamide ratio, 1:29) containing 7 M urea in TBE. Electrophoresis was carried out at a constant current of 20 mA for 4 to 5 h. Figure 1B shows that the RNA synthesized in vitro contained a major RNA species that appeared on the gel at the same position as the SAS-RNA synthesized in vivo (arrowhead) (6) 4 . Size analysis of viral RNAs produced in isolated nuclei incubated in the presence of either GTP or ITP in the transcription reaction mixture. Lane GTP shows a standard transcription reaction mixture such as that described in the legend to Fig. 1B . In lane ITP, ITP (400 ,uM) replaced GTP in the standard transcription reaction mixture. Transcription was allowed to proceed as described in the legend to Fig. 2 . The labeled RNAs produced were purified and analyzed by gel electrophoresis. The arrowhead points to the position of the SAS-RNA. m, Size markers as in Fig. 1B. which the coding region of SAS-RNA has been deleted (12) , and compared the syntheses of SAS-RNA in mutant-and wild-type-infected cells. The absence of SAS-RNA in cells infected with dl2194 has been previously demonstrated (6) . Figure 2A , lane WT, shows the appearance of a major band of 62-to 64-nt RNA (filled arrowhead). Trace amounts of 94-to 98-nt attenuator RNA (open arrowhead) and two additional bands of 125-and 155-nt RNA are also recognizable, together with viral RNA of heterogeneous lengths. The appearance of the 125-and 155-nt RNA bands was not always reproducible. The 125-nt RNA was not SV40 specific; it was presumably trapped on the filter during hybridization (see also reference 6). Figure 2A, . Note that SAS-RNA forms bulges and that residues 11 to 20 of U4 RNA (10) base pair with the 5' and 3' ends of SAS-RNA. Note also that the involvement of the U4 ribonucleoprotein in processing-polyadenylation has been suggested (9) . The sequences deleted in d1263 and the alterations in sequences in VA4554 are indicated (8) . Changes in free energy (AG) were calculated by the method of Tinoco et al. (24) . difficult to draw any conclusions concerning the role of SAS-RNA in the attenuation process. A hypothetical role for SAS-RNA in attenuation has previously been discussed (4) . Figure 2B shows that when 62-to 64-nt RNA was eluted from the gel and hybridized to a blot of restriction fragments (as shown in Fig. 1A) , it hybridized exclusively with fragment c, spanning 0.17 to 0.37 map unit. This fragment of the viral genome includes the SAS-RNA-coding region (6). These results strongly suggest that 62-to 64-nt RNA is the SV40-encoded SAS-RNA. Further evidence for the identification of 62-to 64-nt RNA as SAS-RNA came from an RNase T1 fingerprint analysis, which yielded the expected pattern based on the known base sequence of the SAS-RNAcoding region (N. Hay, H. Skolnik-David, and Y. Aloni, unpublished results).
To determine whether SAS-RNA is produced in vitro by a specific cleavage mechanism or is rather an independent transcription product, the following experiments were performed. Isolated nuclei of SV40-infected cells were incubated in vitro in a high-ionic-strength buffer [100 mM (NH4)2SO4] under either pulse or pulse-chase conditions. The labeled viral RNAs were then purified and analyzed by gel electrophoresis as in Fig. 1B. Figure 3 , lane p, shows that during a 5-min pulse with [a-32P]UTP, 94-to 98-nt attenuator RNA (open arrowhead) and long viral RNA molecules of heterogeneous lengths were synthesized. A faint band of SAS-RNA was also observed. The production of SAS-RNA may indicate transcription from an independent promoter or processing of SAS-RNA from precursor nascent chains. Figure 3 , lane c, shows that after a 30-min chase with unlabeled UTP, a different pattern of viral RNA species emerged. The 94-to 98-nt attenuator RNA almost disappeared, the average size of the viral RNA decreased, and a major band of 62-to 64-nt SAS-RNA appeared (filled arrowhead). Since the UMP residues of SAS-RNA were labeled only during the pulse and since the labeled SAS-RNA species accumulated after the chase, we conclude that SAS-RNA is produced in vitro from long precursor molecules by an efficient and accurate cleavage mechanism. The cleavage probably occurs when the precursor molecule is still nascent. In this case, the various small RNA molecules which appeared after the chase (see Fig. 3 , lane c) may represent either (i) labeled viral RNA sequences with their 5' ends adjacent to the 3' end of SAS-RNA which were transcribed from a region of the viral genome located downstream from the SAS-RNA-coding region or (ii) degradation products. The observation that SAS-RNA accumulated after the chase is indicative of its remarkable stability in our isolated-nucleus system.
We have begun to use the above-described in vitro isolated-nucleus system for analyzing the elements which constitute the signal for the SAS-RNA-processing enzyme. Our first approach was to determine the importance of an RNA secondary structure. For this purpose, we replaced GTP In previous studies, ITP was shown to abolish transcription termination in bacteria and bacteriophages (2, 11) and at the SV40 attenuator (13) by destabilizing RNA stem-and-loop structures. Figure 4 shows the production of long viral RNA molecules in the two transcription reaction mixtures. However, SAS-RNA was produced in the transcription reaction mixture which contained GTP (arrowhead) but not in that which contained ITP. Based on these results, we suggest that an RNA secondary structure may constitute at least part of the signal for the endonucleolytic enzyme. Alternatively, the G residue could be an essential nucleotide in the sequence required for processing, or GTP may provide the energy source for the processing reaction.
Heuverswyn et al. (16), Alwine and Khoury (8) , and Sadofsky and Alwine (21) have suggested that a putative secondary structure could exist in single-stranded DNA or in late mRNAs in the proximity of the SAS-RNA-coding region. The existence of this structure could explain the observations that strain d11263, which lacks sequences upstream of the SAS-RNA-coding region (see Fig. 5A for the sequences deleted), did not produce SAS-RNA, whereas strain VA4554, in which several sequences are inserted upstream of the SAS-RNA-coding region, leading to a less stable secondary structure, produced three to five times less SAS-RNA (8) . We present here schematics of alternative secondary structures for the RNAs of the two wild-type strains 776 and VA4554 (Fig. 5A and B, respectively) . In our proposed secondary structures, SAS-RNA forms bulges in stem-and-loop structures. In these structures, the cleavage sites seem to be in a position easily accessible to the processing enzymes. Furthermore, the conformational rearrangements which accompany the excision of SAS-RNA would result in a decrease in free energy from -14 kcal (1 cal = 4.184 J) to -21 kcal and from -5 kcal to -12 kcal for strains 776 and VA4554, respectively. The -7-kcal decrease in free energy could provide all or a portion of the energy required for the endonucleolytic reaction.
We have noticed that residues 11 to 20 in U4 RNA are complementary to sequences at the 5' and 3' ends of SAS-RNA and can therefore base pair with them ( Fig. 5A  and B ). This base pairing can help stabilize the secondary structures ( Fig. 5A and B) , in which the 5' and 3' ends of SAS-RNA are held in close proximity. Cleavage could occur either by nuclease activity associated with the U4 ribonucleoprotein or through an RNase directed to the proper form of the secondary structure.
It seems that a common feature of mRNA splicing, processing-polyadenylation, and processing of SAS-RNA is that the cleavage sites are primarily defined by one of a set of nucleotide sequences but that their actual function is modulated by the secondary and tertiary structures of the RNA and possibly by proteins associated with them. Our present success in reproducing the processing of SAS-RNA in vitro is a first step in providing information regarding the details of this mechanism and thereby of pre-mRNA processing.
